Silicon reach-silicon-oxide (SRSO) film containing silicon nanoclusters was obtained by the reactive magnetron sputtering. Photoluminescence (PL) spectra were measured as a function of temperature at different excitation wavelengths and additionally at different excitation power densities. Obtained PL spectra characterize by two emission bands centered at 1.6 and 2.4 eV. For these bands, temperature behaviour of PL intensities strongly differs but clearly correlate each other. Moreover, it has been observed that obtained PL intensities versus temperature exhibit a strong dependence on the excitation power density in the low temperature range.
INTRODUCTION
In recent years silicon nanoclusters (Si-NC's) have been intensively investigated due to their potential application in optoelectronic devices. The origin of this interest mainly comes from room temperature light emission exhibited by the Si-NC's. Their efficiency however still needs to be improved. Although many applications based on the Si-NC's have already been presented, a significant amount of research is still necessary in order to design their optical properties for optoelectronic, photovoltaic or memory applications.
Quenching mechanisms are one of the main issues that may reduce the efficiency of device operation in the applications area of every nanomaterial. When it comes to nanoclusters embedded in the dielectric matrix, this issue is difficult to explain due to the complexity of the structures. The presence of the environment requires taking into account new electronic states available for excited carriers (defects in the matrix, surface states at the interface between the nanocluster and environment etc.). All these electronic states can trap the carriers and affect the relaxation process by the resonant/non-resonant tunneling, thermal barrier escape, etc. This issue becomes even more complicated since, in this case, we deal (i) with the Si-NC's size/shape/phase and local environment/bandoff sets fluctuations, (ii) pseudo-direct band gap (iii) and, as it has been shown recently by the other authors, 1 in most cases there are two emitting states responsible for * Author to whom correspondence should be addressed. the short-time and long-time emission in Si-NC's. What is more, the relaxation within the Si-NC's is not simple, since we deal with widely separated discrete energy levels which can suppress the relaxation from the higher states (bottle neck effect 2 ). These levels can also be split to singlet and triplet states due to exchange interactions or/and low Si-NC's symmetry. Moreover, the coupling between the surface vibrations and electronic states, 3 multiphonon emission, 4 multiple exciton generation 5 may be involved in the relaxation processes. Taking into account the fact that the recombination can take place within the Si-NC's core as well as through the surface states, understanding the temperature PL quenching processes becomes a challenging task.
Different reports on the temperature emission quenching mechanisms in Si-NC's have already been published. Most reports discuss the temperature dependence of photoluminescence emission intensity PL(T ) and/or life time. However, the experimental conditions of the research studies mentioned so far were different and consequently, it is difficult to compare them. Moreover, different models have been proposed to explain the obtained results, while the photoluminescence temperature behaviours were often very similar in each case.
Most of the papers concerning Si-based nanostructures, apart from the dominant quenching mechanism at high temperatures report for an atypical increase in PL emission intensity versus temperature at low temperatures. The most common explanation for such PL behaviour is based on the model proposed for porous silicon (p-Si) by Calcott et al. 6 This model assumes that the localized exciton state is split by the characteristic energy ( , into spin triplet and spin singlet states. Following this model, Brongeserma et al. 7 by using the 488 nm excitation wavelength have shown that splitting energy strongly depends on size ranging from 5 up to 20 meV while changing the Si-NC's size from 2 up to 5 nm. It must be noted, however that similar experimental results have also been explained by several different models. For instance, Heitmann et al. 8 proposed the exciton migration effect. Also the results obtained by Kanemitsu et al. 9 show similar dependence. Several authors followed suggestions of Vial et al. 10 who proposed that carriers may tunnel from a well passivated region of Si-NC's to less passivated sites where the nonradiative recombination occurs. This idea has been studied further by Suemoto et al. 11 who made an assumption that the escape process involves tunneling and thermal activation over a barrier.
Contrary to previous reports, at the 488 nm excitation wavelengths Narasihman et al. 12 have observed PL behaviour with a temperature typical for most of the semiconductors. On the other hand, for Si-NC's obtained by PECVD in silicon nitride matrix at 325 nm excitation wavelength Kwack et al. 13 have observed strong continuous increase in the PL intensity along with temperature increase in a broad temperature range. Similar effect has been observed by Ng et al.
14 for silicon with dislocation loops which introduce into Si matrix spatial confinement for the excited carriers.
Thus, as it can be seen, contradictory experimental results have been reported for PL behaviour, especially at low temperature regime for Si-based nanostructures. Moreover, it must be noted, that in all examples discussed authors have observed a size-dependent shift of the PL band indicating that the observed emission is mostly Si-NC's core-related. On the other hand, many papers devoted to Si-NC's deal with a surface related emission but very few of those include PL temperature quenching.
The aim of this study is to investigate the temperature quenching mechanisms of the emission related to Si-NC's surface states and to examine how these processes depend on the excitation conditions. In particular, the role of the excitation wavelength (300, 488 and 532 nm) and the excitation power density have been examined. This paper will demonstrate that it is possible to obtain typical as well as atypical PL(T) behaviour for the same structure by changing the excitation conditions.
EXPERIMENTAL DETAILS
The SRSO films with a nominal thickness of 500 nm used for this study were produced by the reactive magnetron sputtering and deposited onto quartz substrates. The Si excess was monitored through the variation of the hydrogen rate r H [r H = P H 2 /(P Ar + P H 2 ] and in the investigated case r H equaled 50%. Based on our previous results for similar structures 15 16 this suggests that we deal with crystalline Si clusters (Si-NC's) of about 3 nm of size. The films were deposited without any intentional heating of the substrates and with a power density of 0.75 W/cm 2 . All samples were subsequently annealed at 1100 C during 1 h under N 2 flux in order to favour the precipitation of Si excess and to induce the phase separation between Si and SiO 2 .
PL spectra were obtained by using 300, 488 and 532 nm wavelengths of the laser beam excitation source and an Ocean Optics HR4000 spectrometer was used as a detection system. Figure 1 shows PL spectra of Si-NC's obtained at different excitation wavelengths at 10 K at ∼4 kW/cm 2 excitation power density. The strong emission band centered at around 1.6 eV (S-band) may be observed. Based on our previous results, 17 which included the size-dependent absorption edge and the emission band which was independent on the Si-NC's size, the observed emission at 1.6 eV has been related to the recombination via the Si-NC's surface states.
RESULTS AND DISCUSSION
Moreover, the emission band at around 2.4 eV may be observed at UV excitation. Such band appears also for other excitation wavelengths, but in that case the edge filter cuts off most of it. This defect-related band (F-band) was first reported in (p-Si) by Harvey et al. 18 and is probably induced by O vacancies in a SiO 2 . These vacancies exhibit a very rich structure because of the large variations in local bonding that are possible in the amorphous network (bonds angles and lengths) which may account for the observed wide broadening of the F-band. Moreover, Rosenberg et al. 19 have noted a similar band at 2.4 eV for silicon nanowires and related it to the recombination not Fig. 1 . PL spectra excited at 300, 488 and 532 nm at temperature of 10 K. The inset shows PL spectra obtained at 488 nm excitation wavelength at two temperatures: 10 K and 300 K.
RESEARCH ARTICLE
Other mechanisms have also been proposed as a source of the emission at 2.4 eV, mostly oxide-related. 20−24 Inset in Figure 1 shows the PL results obtained at 488 nm excitation wavelength at different temperatures. The only observed result of increasing the temperature up to 300 K is a change in the PL intensity, which also confirms the surface states related emission nature of this band, since the emission peak position/broadening should vary with temperature for the core-related emission. It should be emphasized that the changes of PL intensity are minimal (factor ∼3). This result is very different from typical bulk semiconductors behaviour, where the PL intensity gradually decreases across several orders of magnitude when the temperature changes from 10-300 K. Similar temperature results have been obtained for two other excitation wavelengths (300 and 532 nm).
In order to investigate the quenching mechanisms in Si-NC's, the PL spectra in a function of temperature for different excitation power densities (P EXC and three excitation wavelengths have been measured. Figure 2(a) shows the integrated and normalized PL intensities as a function of temperature at EXC = 300 nm for 1.6 eV band (left axis) as well as for 2.4 eV band (right axis), at two different P EXC .
First of all, it may be observed that the different behaviours occur in the low temperature range depending on the excitation power density for the emission band at 1.6 eV. At higher P EXC , intensity increases in the temperature range from 10 up to about 120 K, then it saturates and significantly decreases at higher temperatures. This is an atypical behaviour for most semiconductors. In the case of low P EXC the situation changes. Here, at low temperature range, the PL intensity is constant and then rapidly decreases above 200 K, similarly to the previous case. This strong decrease in the PL intensity is accompanied by a strong increase in the intensity of 2.4 eV band, whose behaviour for both P EXC is the same. Equivalent temperature dependence as for 2.4 eV band has already been observed by Shang et al. 25 for silica nanowires. Figure 2 (c) shows the normalized PL intensity obtained at EXC = 532 nm at different P EXC . The PL intensity remains constant for several low temperatures and starts to decrease above 50 K for all excitation power densities.
Figure 2(b) shows the normalized PL intensities obtained at EXC = 488 nm at different P EXC . As it may be noted, in the low temperature range, similar as in the case of EXC = 300 nm different behaviours can be observed, depending on the excitation power density, both typical and atypical. The only difference is that the effect is much less conspicuous than in 300 nm excitation case. At the same time, the high temperature part of the results seems not to be strongly dependent on the excitation power density.
An important question arises at this point: what is the mechanism responsible for low temperature behaviour of 1.6 eV PL intensity which is dependent on excitation power density? Several effects can explain this atypical temperature behaviour: (i) Auger processes, 26 (ii) non-resonant carriers tunneling to the emitting state (carriers recovery effect), (iii) or singlet-triplet splitting related effects. The last mechanism should not depend on the excitation power in a way observed in our experiment. Thus, it has been assumed that this sophisticated model is not applicable in our study.
In order to investigate the potential influence of Auger processes, another, independent experiment has been conducted and PL intensities versus the excitation power densities have been measured at different temperatures at EXC = 488 nm. As it is shown in Figure 3 , a linear dependence has been obtained at all temperatures, with a slightly different linear coefficient depending on the temperature. In the second step, for three selected excitation power densities the temperature dependent PL intensities have been shown in the inset of Figure 3 . Again, different temperature behaviours have been obtained depending on the P EXC Fig. 3 . PL integrated intensities obtained at different excitation power densities at different temperatures obtained at 488 nm excitation wavelength. Inset: Cross section of PL integrated intensities taken at specific excitation power density at different temperatures from data presented in Figure 3 .
for the PL intensities. First of all, it confirms the results obtained previously and secondly, it shows that the Auger processes do not play a dominant role in the observed effects, since saturation of the PL intensity is not obtained in the excitation power densities range used to obtain atypical PL temperature behaviour. Therefore, we propose that the carriers recovery process is responsible for the PL(T ) dependence on the excitation power density at low temperatures regime.
On the basis of the obtained results, the explanation of temperature dependent emission quenching mechanisms in Si-NC's has been put forward as follows.
At low temperatures, after the high energy excitation (300 and 488 nm) two processes can be active: (a) hot electrons and/or holes first tunnel resonantly from the Si-NC's core-energy levels to the localized surface/defects states created by the disorder potential and called here the trapping sites. These sites are assumed to be randomly distributed in the environment and may be both optically active and inactive. Some carriers may therefore be captured by the trapping sites, some relax nonradiatively to the lowest energy level within the Si-NC and then radiatively recombine with the emission at 1.6 eV, or (b) carriers first relax nonradiatively with a phonon/multiphonon emission within the Si-NC's core to the lowest Si-NC's energy state and then relax nonradiatively to the surface states resulting in the emission at 1.6 eV. Both processes may occur simultaneous and both may influence the final PL emission intensity.
When the temperature starts to increase, the nonresonant tunneling 11 27 of carriers over the barrier may occur. This can quench the PL further but it also can increase the PL intensity due to the recovery of carriers already captured at the trapping sites. The recovery process should depend on the excitation power density since at high P EXC more carriers are placed in the surrounding environment, occupying available trapping sites. Moreover, the recovery effect is not observed at 532 nm excitation wavelength what is probably caused by the fact that the trapping sites participating in the recovery process are placed above this energy.
In addition to this, at high temperatures the main quenching mechanism for the emission band at 1.6 eV is activated, resulting in strong PL quenching. The activation energy related to this process clearly correlates with the activation energy responsible for the strong increase of the PL at 2.4 eV. This correlation might be caused by the fact that at high temperatures some trapping sites became optically activated. Unfortunately, due to the system complexity, the correlation between the thermal energy activating this process and a specific physical process is still not well understood and more experiments in time domain are necessary to better understand and explain this effect.
CONCLUSIONS
It has been shown that the excitation power density is a significant factor in the temperature dependence of PL intensity. Depending on P EXC it is possible to obtain atypical as well as typical PL(T ) behaviour. When it comes to Si-NC's, we propose that this effect is triggered by the occurrence of additional processes in the relaxation mechanism that are related to the recovery of carriers captured at the trapping sites near Si-NC's. What is more, we have shown that a strong correlation may be observed between temperature dependent emission intensity of Si-NC's surface states and matrix defect states. Based on the obtained results, it has been suggested that this correlation might be caused by optical activation of matrix-related defect states at high temperatures.
